Photolyases repair pyrimidine dimers in DNA by converting the light energy of 300-to 500-nm photons into chemical energy. Enzymes from various organisms contain two chromophore cofactors (FADH2 and either methenyltetrahydrofolate or 8-hydroxy-5-deazaflavin) that absorb the low-energy photons and initiate splitting of the cyclobutane ring by a radical mechanism. Here, we show that, in addition to these two chromophores, in the far UV range, direct excitation of one specific tryptophan residue (out of 15 total) in the polypeptide chain of Escherichia coli photolyase leads to splitting of the cyclobutane ring with high quantum yield (# = 0.56), independent of the other chromophores. The specific tryptophan residue responsible for photosensitized repair was identified as Trp-277 by site-speciflic mutagenesis.
Escherichia coli photolyase (PL) catalyzes the photocycloreversion of pyrimidine dimers (Pyr<>Pyr) produced in DNA by far UV (200-300 nm) radiation. The enzyme utilizes two noncovalently bound cofactors that absorb in the near UV (350-500 nm), methenyltetrahydrofolate (MTHF, Amax = 384 nm) and FADH2 (Amax = 366 nm) as a photoantenna and a photocatalyst, respectively (1, 2) . The mechanism of photocatalysis mediated by these two chromophores is relatively well understood (3, 4) . MTHF, which is the major chromophore (E384 = 25,000 M-'-cm-1; ref. 5) , absorbs a photon and, from the excited singlet state, transfers energy to FAD in a semiquinone state (FADH°) (3, 6) , the neutral radical flavin that forms from FADH2 during purification. The excited doublet state of FADH°is converted by intersystem crossing to the excited quartet state, which abstracts a H atom from a nearby tryptophan (Trp) on the apoenzyme to yield PL-FADH2-MTHF. Absorption of a photon by MTHF in this form of the enzyme results in singlet-singlet energy transfer from MTHF to FADH2. The excited singlet state of FADH2 splits the pyrimidine dimer, held in close proximity by the apoenzyme, by electron transfer (4, 7) . Thus, the mechanistic roles of the two cofactors are relatively well established.
However, the wavelengths effective in photoreactivation extend well into the far UV (8, 9) where, in addition to the two noncovalent cofactors, the aromatic residues of the apoenzyme absorb significantly. Furthermore, previous work has shown that two of the 15 Trp residues in PL are in close proximity to the cofactors and/or substrate. Trp-277 is involved in DNA binding (10) and Trp-306 is the proximal H-atom donor in photoreduction of FADH° (11) . Conceivably, one or more of these residues could act as photosensitizers and split Pyr<>Pyr by direct electron transfer as has been shown in model systems with free indoles (12) , indoles tethered to Pyr<>Pyr (13) , or Trp residues in single-strand DNA binding proteins (12) or in anti-Pyr<>Pyr antibodies (14) .
Our previous attempt to investigate direct photolysis by PL Trp residues by comparing the photolytic action spectrum of the enzyme with the absorption spectra of the MTHF and FADH2 in the 250-to 300-nm range indicated that photosensitized repair by Trp was not the predominant form of repair over this range but did not eliminate the possibility of a high-efficiency repair by a single Trp residue superimposed over those ofthe noncovalent chromophores (8) . In this study we tested the participation of a PL Trp residue in photoreactivation directly by conducting photolysis experiments under conditions where MTHF and FADH2 did not act as photosensitizers. Under these conditions the photoreactivation action spectrum matched the absorption spectrum of Trp. Nine PL mutants with Trp --Phe substitution were tested to identify the Trp residues involved in shortwavelength photoreactivation; these experiments revealed that Trp-277, which was previously shown to be at the DNA binding site, is responsible for photosensitized splitting of Pyr<>Pyr.
MATERIALS AND METHODS
Enzyme and Substrate. Wild-type and mutant PLs were purified as described (10, 15) detectable levels of flavin (<1%) based on absorption and fluorescence measurements and the absence of photoreactivation repair. PL containing FAD was prepared by reconstitution from apoenzyme and FAD as described (16) . The cis,syn-thymidine dimer (T<>T) substrate was prepared by acetone photosensitization of a 2 mM (dT) 15 (Pharmacia) solution. Irradiation was continued until either 15% or 75% of the thymidines were converted to T<>T as determined by decrease in 265-nm absorption. The concentration of repairable dimers was estimated by taking the absorbance difference after complete photoreactivation of the substrate. The value of Ae at 265 nm used for calculating dimer concentration was 19,000 M-l cm-1.
Photoreactivation Assay and Action Spectrum. PL (3 ,uM) was mixed with substrate (-100 AM) in 300 pl of reaction buffer containing 10 mM potassium phosphate (pH 7.0) and 50 mM NaCl. The reaction mixture was irradiated at the indicated wavelength at 15'C under aerobic conditions as described (17) . Neutral-density filters were used to maintain a constant fluence rate at various wavelengths. Stray light was further eliminated with a band-pass filter. The extent of dimer repair was estimated from the absorbance increase at 265 nm. The quantum yield of repair at 280 nm was determined as described (17) and the photolytic cross section at this wavelength (e4) was calculated assuming e = 5800 M-1'cm-1 for Trp. The action spectrum was obtained from the comparison of the slopes of plots of AA265 VS. irradiation time at various wavelengths. Action spectrum measurements at A < 280 nm must take into account the direct photoreversal of Pyr<>Pyr by the incident light. Therefore, in our experiments with wavelengths <280 nm, the background photoreversal occurring with apoenzyme plus Pyr<>Pyr mixture was subtracted from the value obtained with the PL-FADH°p lus Pyr<>Pyr mixture to calculate the level of PL-mediated repair.
Spectroscopy. The absorption spectra were obtained with a Hewlett-Packard model 8451A spectrophotometer. Fluorescence quenching studies were conducted with a Shimadzu model RF5000 U spectrofluorometer. modified Stern-Volmer equation for proteins containing multiple Trp residues using Eq. 1 (18) .
. [1] Fo and F are the fluorescence intensities in the absence and presence of the quencher (Q), respectively. The SternVolmer constant K., is a measure of how easily the fluorescent residues are quenched. The fractional accessibility f is the fraction of Trp residues that are accessible to the quencher. The plot of FO/(Fo -F) vs. 1/[Q] allows the determination of f and K, Measurements of fluorescence anisotropy were made with a steady-state SLM model 4800 spectrofluorometer (SLM Aminco, Urbana, IL) with the excitation and emission wavelengths of 295 nm and 340 nm, respectively (19) .
RESULTS
Near and Far UV Photoreactivation with PL Containing Photochemically Inactive Flavin. PL contains FADH2 in vivo that is oxidized to the catalytically inert FADH°during purification (20) . Previous work (11) 
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Action Spectrum ofPL-FADH' (PL-W306F). To identify the amino acid(s) responsible for direct photolysis, we determined the action spectrum of PL(W306F)-FADH' in the 250-to 550-nm range. The results are shown in Fig. 2 . The action spectrum is directly superimposable on the absorption spectrum of Trp with a photolytic cross section E4280 = 3250 M-1 cm-1 at 280 nm. Since high-efficiency energy transfer between Trp residues is unlikely on theoretical grounds, we ascribe this photorepair to a single Trp that splits a T<>T with a quantum yield of 4 = 0.56. Further evidence for this conclusion is provided by the following experiments.
Trp Fluorescence and Quenching by Substrate. The photolytic cross section of PL(W306F) at 280 nm is consistent with either a single Trp residue splitting a T<>T with a quantum yield of 0.56 or splitting by several Trp residues in the active site with lower quantum yield. To differentiate between these two alternatives, the fluorescence properties of PL Trp residues were investigated.
The excitation and emission spectra of native and denatured PL apoenzyme are shown in Fig. 3 . The excitation spectra of the two forms were identical with excitation maxima at 278 nm. The emission maxima were at 334 nm and 352 nm, for the native and denatured apoenzyme, respectively. The Fig. 4 shows the effect of increasing substrate concentration on Trp fluorescence. At a molar ratio of about 1:1, maximum quenching occurred that was 7% of total fluorescence in PL(W306F) and -(W306Y). As these mutants contain 14 Trp residues, the data are consistent with one residue being totally quenched by the substrate (1/14) and thus only one residue being responsible for photorepair. Identffication of Trp-277 as the Photosensitizer. After obtaining evidence that perhaps only one Trp residue is involved in photosensitization, we wished to identify the particular residue by testing other mutant PLs for fluorescence quenching. We found fluorescence quenching identical to that of PL(W306F) with wild-type PL in PL-FADH°or PL-FAD forms and all mutant PLs (PL-FADH°form) except PL(W277F), which did not show fluorescence quenching (Fig. 4) . Fluorescence quenching observed with wild-type and mutant PLs was quantitatively reversed upon photoreactivation, indicating that the quenching was due to a specific Trp-T<>T interaction that results in rapid electron-transfer quenching in the photoexcited complex (13) . The a Trp that could act as a photosensitizer; instead it was claimed that PL had an RNA cofactor and that the "chromophore" absorbing in the near UV was a charge-transfer complex formed between enzyme and substrate (21) . In recent years it has been possible to isolate large quantities of PL and characterize it in great detail. Thus, immediately after the purification of PL from overproducing cells, it was discovered that it did contain FADH2 as an intrinsic chromophore (22) . Shortly afterwards, a second noncovalently bound chromophore was discovered (23) whose identity as MTHF was established several years later (24) . Recent studies have shown that MTHF is the major light-harvesting chromophore (because of its high extinction coefficient) in E. coli PL; however, it cannot catalyze photorepair directly (8, 16) . Its sole function is to absorb light and transfer energy to FADH2, which is the true catalytic cofactor (4, 7): the excited singlet-state FADH2 formed either through energy transfer from MTHF or direct absorption of a photon then repairs Pyr<>Pyr by electron transfer. Although the direction of electron transfer has not been determined unambiguously thermodynamic considerations suggest that it must involve electron transfer from flavin to the photodimer. Here we show that in addition to these two chromophores PL contains a third photosensitizer, a specific Trp residue (Trp-277), that apparently splits Pyr<>Pyr independently (in photochemical sense) of the other two chromophores. This finding raises some interesting issues regarding the mechanism of photosensitized repair and the physiological relevance of the various photosensitizers in PL.
Mechanism of Trp Photosensitization. Trp and other indoles have been extensively used as model systems for photosensitized splitting of Pyr<>Pyr (see ref. 2) . In these studies, photosensitization was carried out with indoles free in solution (12) , "tethered" to a Pyr<>Pyr (25) , with Trp in oligoor polypeptides that bound single-stranded DNA (12) , or with a Trp in the DNA binding site of anti-Pyr<>Pyr antibodies (14) . These studies revealed that Pyr<>Pyr splitting occurs by electron donation from the excited singlet state of Trp to the photodimer either directly or through a solvated electron intermediate (25) . A wide range of quantum yields was obtained in these systems. With free indoles or Trp residues in single-strand DNA binding oligo-or polypeptides quantum yields were relatively low, -0.007 (12, 26) .
Surprisingly, even in the tethered indole-Pyr<>Pyr system, where the electron transfer is intramolecular, a relatively low quantum yield of 0.05 was obtained (25) . Interestingly, in this system indole fluorescence was quenched >90% by the covalently linked Pyr<>Pyr (25, 27) . To reconcile the low quantum yield of repair with the high fluorescence quenching efficiency, it was suggested that electron transfer from indole to Pyr<>Pyr occurred with high efficiency but that charge recombination of the radical pair was greatly favored over Pyr<>Pyr splitting in aqueous solution. Indeed, when these experiments were conducted in solvents with decreasing polarity to inhibit charge recombination, it was found that the quantum yield was dramatically influenced by the dielectric constant of the solvent. In the least polar solvent used, the quantum yield was 0.41, which is reasonably close to that of PLs (13) . Qualitatively similar results were obtained with anti-Pyr<>Pyr antibodies (14) : an overall quantum yield of 0.08 was obtained at 300 nm, from which it was calculated that the true quantum yield of cleavage was >0.4, assuming one Trp per binding site, although no evidence was available to support this assumption.
In light of all these studies, then, the most likely explanation for the photorepair observed with PL Trp is that Trp-277 is in a hydrophobic environment and it is in very close contact with Pyr<>Pyr in the PLsubstrate complex, perhaps interacting with one of the pyrimidine rings by intercalation (10) . Upon 
